Abstract The existence of coral reef ecosystems critically relies on the reef carbonate framework produced by scleractinian corals and calcareous crusts (i.e., crustose coralline algae). While the Red Sea harbors one of the longest connected reef systems in the world, detailed calcification data are only available from the northernmost part. To fill this knowledge gap, we measured in situ calcification rates of primary and secondary reef builders in the central Red Sea. We collected data on the major habitat-forming coral genera Porites, Acropora, and Pocillopora and also on calcareous crusts (CC) in a spatioseasonal framework. The scope of the study comprised sheltered and exposed sites of three reefs along a crossshelf gradient and over four seasons of the year. Calcification of all coral genera was consistent across the shelf and highest in spring. In addition, Pocillopora showed increased calcification at exposed reef sites. In contrast, CC calcification increased from nearshore, sheltered to offshore, exposed reef sites, but also varied over seasons. Comparing our data to other reef locations, calcification in the Red Sea was in the range of data collected from reefs in the Caribbean and Indo-Pacific; however, Acropora calcification estimates were at the lower end of worldwide rates. Our study shows that the increasing coral cover from nearshore to offshore environments aligned with CC calcification but not coral calcification, highlighting the potentially important role of CC in structuring reef cover and habitats. While coral calcification maxima have been typically observed during summer in many reef locations worldwide, calcification maxima during spring in the central Red Sea indicate that summer temperatures exceed the optima of reef calcifiers in this region. This study provides a foundation for comparative efforts and sets a baseline to quantify impact of future environmental change in the central Red Sea.
Introduction
Tropical coral reefs are of unique value with regard to ecosystem productivity as well as species diversity (Wilkinson 2008) . Their ecological importance is intimately linked to the structural complexity of the habitat (Goreau 1963) , which is essential for the existence of most reef organisms (Graham 2014) . Biogenic reef calcification, which is limited to tropical shorelines of warm, clear, sunlit waters, and relatively stable physical conditions (Kleypas et al. 1999) , is a key process contributing to reef habitat complexity. Scleractinian corals are the primary reef builders that deposit calcium carbonate (CaCO 3 ) to give rise to the three-dimensional reef framework. Secondary reef builders, composed predominantly of crustose coralline algae (Corallinales), form calcareous crusts (CC) and fortify the reef framework through cementation, counteracting its disintegration through erosion processes (Mallela and Perry 2007; Perry and Hepburn 2008) . In scleractinian corals, calcification depends on the productivity of the intracellular dinoflagellate algal symbionts (commonly referred to as zooxanthellae) that supply energy to the coral host through photosynthesis (Muscatine 1990 ). In addition, calcification rates in corals can further increase through heterotrophic feeding on plankton and suspended matter in the water column (Houlbrèque and Ferrier-Pagès 2009) . CC calcification (considering Corallinales), in comparison, is directly based on the algae's physiology and depends on factors that support photosynthesis (reviewed in Borowitzka and Larkum 1987) such as availability of light and inorganic nutrients (Chalker 1981; Chisholm 2000; Ferrier-Pagès et al. 2000) .
Calcification rates are considered to be most sensitive to changes in temperature (Castillo et al. 2014) , although the aragonite saturation state is also a determining factor (Gattuso et al. 1998; Martin and Gattuso 2009 ). High temperatures have been shown to positively impact coral growth, leading to calcification maxima during summer conditions (Crossland 1984; Hibino and van Woesik 2000; Kuffner et al. 2013) and to higher calcification at warmer, lower latitudes compared to cooler, higher latitudes (Lough and Barnes 2000; Carricart-Ganivet 2004 ). Yet, calcification rates can be fitted to a Gaussian distribution with a calcification maximum indicating the optimal temperature and calcification limits toward high-and low-temperature values (Marshall and Clode 2004) . Indeed, reduced calcification has been shown to be associated with a rise in sea surface temperatures (SST), even when bleaching is not present (Cooper et al. 2008; Cantin et al. 2010; CarricartGanivet et al. 2012) . Hence, coral growth and calcification rates are considered a diagnostic tool to provide insight into the performance and health status of corals (Edinger et al. 2000; Wooldridge 2014) .
The majority of coral reefs thrive in stable physicochemical environments with temperatures typically not exceeding 29°C and salinities around 36 PSU (Kleypas et al. 1999) , which is typically most favorable to coral growth. The Red Sea deviates from these environmental settings, with sea surface temperatures (SSTs) reaching 32°C in the summer, temperature differences of up to 10°C throughout the annual cycle (Davis et al. 2011) , and a relatively high salinity of 40 PSU or higher (Abu-Ghararah 1997 ). Yet, the Red Sea features a high CaCO 3 saturation state (Steiner et al. 2014 ) and low sediment loads (Abu-Ghararah 1997), both of which can be considered beneficial for calcification. Indeed, pelagic CaCO 3 precipitation rates in the Red Sea were estimated to be higher than in the Gulf of Aden or the Indian Ocean (Steiner et al. 2014 ), but a comprehensive study collecting in situ reef calcification rates is missing.
To provide a baseline of reef calcification data for the reefs in the central Red Sea, we quantified in situ calcification rates as mass increments over time using the buoyant weight technique (Davies 1989 ) in a multispecies framework including primary and secondary reef builders and spanning different reef locations across the shelf and across four seasons. Further, using spatial calcification rates of different calcifiers, we investigated whether and how their calcification performance relates to their benthic abundance in reef sites. Moreover, we explored the relationship of temperature and seasonal calcification rates using in situ temperature records. By comparing the resulting annual average calcification rates from the central Red Sea with data from the Caribbean and the Indo-Pacific, we examined whether the unique environmental setting encountered in the Red Sea (warm, clear, sunlit, and highly carbonate saturated waters) potentially maintains higher reef calcification compared to other coral reef regions.
Materials and methods

Study sites and seasons
Data for this study were collected at the exposed (fore reef) and sheltered (back reef) sites of three reefs, comprising six sites along a cross-shelf gradient off the Saudi Arabian coast ( Fig. 1 ): offshore exposed and sheltered (Shi'b Nazar reef, 22°20.456N, 38°51.127E); midshore exposed and sheltered (Al Fahal reef, 22°15.100N, 38°57.386E); and inshore exposed and sheltered (Inner Fsar reef, 22°13.974N, 39°01.760E). All study sites were located between 7.5 and 9 m depth. The study sites represented reefs of different environmental conditions, ranging from well-mixed habitats exposed to the open sea to turbid lagoonal inshore waters (Fig. 2a) .
Four seasons were measured consecutively over 3-month intervals during one full year from mid-September 2012 to mid-September 2013 for corals and from mid- 
Benthic reef composition
To characterize the study sites, benthic reef composition was surveyed between October and December 2013. We followed a modified rugosity transect methodology from Perry et al. (2012) . While standard line-intercept methods may underestimate the coverage of cryptic benthic components (e.g., coralline algae), the rugosity transect provides better resolution in this regard (Goatley and Bellwood 2011) as it follows reef topography. Six replicate transects (10 m long, spaced 10 m apart) at depths of 7.5-9 m were sampled parallel to the reef front. We considered the following benthic categories: sand/silt; rubble; rock; recently dead coral; macro-and turf algae; sponges; soft coral; other non-calcifying benthic reef organisms; and CC. Further, we recorded subcategories for the major reefbuilding taxa Porites spp., Acropora spp., and Pocillopora spp. and categorized other corals according to major growth forms as other branching, other massive corals, encrusting, and plate/foliose corals. Data were prepared as means and standard deviations of six replicate transects per reef (ESM Table S1 ). (6) POR (7) ACR (4) CC (5) POR (2) ACR (6) CC (6) Fig. 1 Overview of spatio-seasonal study design. The reef map provides location of the six study sites along the cross-shelf gradient. The table includes the site coordinates, site distance from shore, and replicate numbers (in brackets) for each calcifier group in each reef site (POR, Porites; ACR, Acropora; POC, Pocillopora; CC, calcareous crusts, image credits: Maha Khalil)
Temperature profiles
Coral Reefs (2016) 35:681-693 683 at the exposed study sites of each shelf section within the four seasons of the year in parallel with the assessment of coral calcification (see details above). For logistical reasons and due to battery life times of available loggers, sheltered sites were equipped with temperature loggers (TidbiT v2 temp, resolution 0.02°C, accuracy 0.2°C, Onset, Bourne, MA, USA) only during summer and winter seasons (summer deployment: 22 July 2013 to 11 September 2013; winter deployment: 25 November 2012 to 2 February 2013). For the time series plot, hourly logged data were smoothed through a weekly moving average filter. Additionally, the overall annual mean and standard deviation were determined. Moreover, we provide temperature averages, standard deviations, minima, maxima and the range per reef site and season (ESM Table S2 ).
Seasonal calcification rates of reef-building corals
We measured seasonal calcification rates of the three dominant coral genera between September 2012 and September 2013. Porites spp. fragments (massive growing P. lobata and P. lutea morphotypes) were included as representatives of the massive coral genus Porites, three acroporid morphotypes (A. squarrosa, A. plantaginea, A. hemprichii) were sampled to represent the branching coral genus Acropora, and fragments of the branching coral morphotype Pocillopora verrucosa were collected to represent the genus Pocillopora (in nearshore reef sites, this genus was not sufficiently present to assess calcification).
In the following, we pool species into Porites, Acropora, and Pocillopora groups. Coral fragments of similar size (5-10 cm) were collected from distinct colonies growing at least 5 m apart using hammer and chisel for massive corals or a dive knife for branching corals. Six to ten fragments were selected (avoiding fragments infested by endo-and epilithic organisms via visual inspection) and attached to a PVC frame using fishing line; each coral fragment was mounted between two bars of the frame, leaving a distance of *25 cm to the bottom and top PVC bar (Fig. 2b) . Fragments were acclimated in situ for 1-2 weeks before calcification measurements were started. Within this period, the tissue and skeleton of coral fragments overgrew the fishing line with no apparent tissue damage or health impact. Only visually healthy fragments at the beginning and end of the measuring periods were considered. Therefore, replicate numbers were reduced in some cases after the three-month period of deployment (see final replicate numbers in Fig. 1 and ESM Table S3 ).
Buoyant weight of fragments (Davies 1989 ) was measured at the beginning and end of each season: spring (10-13 and 24 March 2013 and 15-17 June 2013); summer (15-17 June 2013 and 9-11 September 2013); fall (16-18 and 25-26 September 2012 and 8-11 December 2012); and winter (8-11 December 2012 and 10-13 and 24 March 2013) . Coral fragments were weighed in situ using a stainless-steel spring scale (Pesola, Switzerland, division 1 g, precision ±0.3 %), and weight increases over seasons Study sites and in situ setup of moored frames. a The study sites along the cross-shelf gradient, which represent reefs ranging from exposed fore-reef well-mixed habitats to turbid back-reef lagoonal waters. b Moored frames, deployed at a study site, demonstrate how coral fragments (top) and plastic microscope slides (red box, bottom) were attached. Photographs: Anna Roik were determined. Over the course of seasonal measurements, missing or otherwise impacted coral colony fragments were replaced for the following season with newly collected fragments. Seasonal rates (G Coral ) were expressed as percent accretion of carbonate per day (Eq. 1, adopted from Ferrier-Pagès et al. 2000) using buoyant weight (Bw) increments over the calcification interval (season), normalized to the pre-season buoyant weight (Bw1) for each coral fragment, and divided by the days of the calcification interval (t).
Seasonal calcification rates of calcareous crusts (CC)
Calcification rates for CC were measured on seasonally sampled disposable microscope plastic slides (2.5 cm 9 6 cm, Thermo Scientific Nunc Microscope Plastic/polyvinyl chloride (PVC) surfaces are commonly employed substrates for the measurement of carbonate accretion (Bak 1976; Kuffner et al. 2013 ). We used small slides due to their light weight, which allowed higher resolution and increased accuracy of the carbonate accretion measurements over relatively short periods of time (3 months). Prior to deployment, the clear and smooth slides were sandpapered resulting in a whitish, frosted surface. Six slides were deployed on an aluminum frame at every site (Fig. 2b) . Some slides were lost during the deployment (see replicate numbers in Fig. 1 and ESM Table S3 ). Visual inspection of the recovered plastic slides indicated that CC was composed of green algae, brown algae, and coralline crusts. In a few cases, bryozoans were present, but neither coral recruits nor any other calcifying invertebrates were visually apparent. Upon recovery, slides were bleached for 12-14 h to remove organic material and dried for 48 h at 40°C in an incubator (BINDER, Tuttlingen, Germany), and the dry mass (Dw1) comprising slide weight and carbonate accretion on both sides was obtained gravimetrically (Mettler Toledo XS205, d = 0.01/0.1 mg). Subsequently, slides were acidified in a 1:8 dilution of synthetic vinegar for 12-24 h to remove the entire carbonate crust and dried again (48 h at 40°C), and weights of slides without carbonate (Dw2) were measured. Seasonally measured calcification rates were expressed as G CC (mg cm -2 d -1 ) by subtracting Dw2 from Dw1 and normalizing carbonate accretion to the slide surface area (cm 2 ) and the number of deployment days (t) following Eq. 2.
Statistical analyses
Nonparametric multifactorial PERMANOVAs were employed to test for differences in coral seasonal calcification rates. Where calcification rates were repeatedly measured on one coral fragment across the seasons, tests for autocorrelation were performed to account for non-independence (Ljung and Box 1978 ; not significant for all repeated measurements). Next, coral calcification rates were square-root transformed and data from all corals were subjected to a multifactorial PERMANOVA (based on Euclidean distances and 999 permutations). Additionally, tests were run for each coral genus separately. Post-hoc pairwise tests were conducted for each significant factor independently. Further, we characterized the seasonal pattern in coral calcification rates; the increase in spring was quantified by calculating differences (as percentage increase) between the mean calcification rates in spring and the mean rates of the other seasons for each site. CC data were tested in a similar way to coral data using the same transformation, PERMANOVA design, and specifications. Additionally, we characterized the seasonal pattern in CC calcification rates; the significant decrease in spring and summer was quantified by calculating differences (as percentage decrease) between mean calcification rates in spring and summer and mean rates in fall/winter.
Linear regressions were applied in each calcifier group to explore the relationships between calcification rates and the calcifiers' percent cover at the reef sites. Additionally, linear regressions were performed between the calcification rates of CC and the percent cover of the coral genera and between the percent cover of CC and percent cover of corals. Multifactorial analyses were conducted using the software package PRIMER-E v6 (PERMANOVA?). Statistica (StatSoft Inc. 2011, version 10) and SigmaPlot (Systat Software, version 11.0) were used for autocorrelation tests and linear regression.
Global comparison of calcification rates
For a comparative presentation of the calcification rates from our study, we compiled calcification data from coral reef regions around the globe (see ESM Appendix 1 for comparison of calcification data obtained with different measures). The most common metric reported in other studies is carbonate accretion normalized to surface area.
Coral Reefs (2016) 35:681-693 685 In order to compare CC calcification, we compared highest and lowest seasonal G CC (mg cm Table S3 ). For corals, calcification rates, G Coral (mg cm -2 d -1 ), were generated for a subset of samples, which represented all reef sites and were measured over two adjacent seasons (i.e., fall and winter; spring and summer; Porites, n = 13; Acropora, n = 22; Pocillopora, n = 23). Buoyant weight (Bw) increments over the two seasons were converted to dry weight increments (Dw) following Eq. 3 (Davies 1989 ):
We determined the surface area (cm 2 ) by wax dipping (Veal et al. 2010) and calculated overall calcification rates as dry weight increment per surface and day (mg cm -2 d -1 ). Coral skeletal density values (q Coral ) of these coral fragments were determined according to Davies (1989) (Eq. 4), resulting in the mean densities of 2.72 ± 0.10, 2.87 ± 0.21, and 2.77 ± 0.14 g cm -3 (±SD) for Porites, Acropora, and Pocillopora, respectively. Further, for each reef at each sampling time, seawater density values (q Seawater ) were taken from the CTDs moored at the exposed sites (monthly means q Seawater ranged between 1.023 and 1.026 g cm -3 ).
Results
In this study, we assessed spatio-seasonal patterns of calcification of primary and secondary reef builders in the central Red Sea. The chosen study sites represent open sea exposed and sheltered lagoonal environments (see locations in Fig. 1 ; visual representation of habitats in Fig. 2a) . We characterized the cross-shelf gradient by benthic cover assessment (Fig. 3) and measurements of water temperatures during the seasons (Fig. 4) .
Benthic reef composition
Benthic transect data revealed differences between locations along the cross-shelf gradient ( Fig. 3a ; ESM Table S1 ); all sheltered sites were dominated by sandy bottom, rubble, and rock surface and characterized by a low percentage of live substrate (benthic organisms) (\40 %). Exposed sites in offshore and midshore reefs had the highest percentage of live benthos ([68 %) and the highest abundance ([48 %) of calcifying biota (hard coral and CC). The cover of calcareous crusts increased with distance from shore, from *1 % in both nearshore sites and in the sheltered midshore site to 10 and 23 % in the midshore and offshore exposed sites, where coral cover was also greatest. In the offshore sheltered reef site, CC abundance was comparatively low (5 %). Major scleractinian coral taxa belonging to the genera of Acropora, Pocillopora, Porites and constituted 32-56 % of the total hard coral cover in the study sites (Fig. 3b) . Among the major taxa, the most widely abundant coral genus across the reefs was Porites ([*20 % of the total hard coral cover on most reefs). Acropora and Pocillopora were comparatively rare in nearshore reefs (both taxa present at 0.6-3 %), but prevalent in midshore exposed and offshore exposed and sheltered sites (13-27 %). Both genera increased in abundance with increasing distance from shore; while Acropora constituted 10 % in the midshore sheltered site, Pocillopora was only present at 3 %. In the midshore exposed site, both genera made up a larger percentage of the total coral cover (Acropora: 21 %, Pocillopora: 27 %).
Temperature profile
Data records from 7.5 to 9 m depth revealed increasing temperatures from spring onwards (mid-March), with maxima in summer (July and August), decreasing again during fall (late-September) and winter (December), and a minimum from January to early March ( Fig. 4 ; ESM Table S2 ). The coldest season was winter (mid-December until mid-March) with a seasonal mean temperature of 26.4 ± 0.7°C across sites (spanning a temperature range of 24.1-28.4°C). The warmest season was summer (midJune until mid-September) with a seasonal mean of 31.1 ± 0.7°C across all sites (spanning a temperature range of 28.6-33.3°C). The seasons representing rising and falling temperatures were spring (mid-March until mid-June; seasonal mean 28.0 ± 1.1°C, range 26.2-30.8°C) and fall (mid-September until mid-December; seasonal mean 30.0 ± 1.2°C; range 27.0-32.2°C). Standard deviations between 0.7 and 1.2°C calculated per season pooled over the reef sites indicate smaller temperature differences between the sites, in comparison to the differences per site over the year (i.e., seasonal differences) that were characterized by higher standard deviations of 1.9-2.9°C (ESM Table S2 ). The seasonal temperature differences between the lowest and highest temperature over the year recorded for each of the reef sites across the shelf were 6.6-9.0°C.
Seasonal calcification of reef-building corals
Multifactorial PERMANOVAs were used to determine seasonal and spatial differences in calcification rates. The analysis of all seasonal coral rates revealed that coral 'genus' was the strongest source of variation (Pseudo-F = 88.2, p (perm) = 0.001; Table 1, ESM Table S4 ). Further, a PERMANOVA on each coral genus separately revealed two patterns of coral calcification: calcification rates for Porites and Acropora significantly differed among seasons (p (perm) \ 0.05 for both genera; Table 1, ESM  Table S4 ), but not among reefs or between exposures.
Pocillopora calcification rates were different among seasons as well as between exposures (both factors p (perm) = 0.001), but not among reefs. Common to all coral genera, highest calcification rates were observed during spring (Fig. 5, Fig. 3 Benthic composition at the six study sites depicted as means from six replicate rugosity transects per site. a Benthic categories as proportion of benthos cover (%). The category 'hard coral' sums all coral categories assessed. b The composition of hard coral cover is expressed as percent of total hard coral cover and includes the major reef-building coral taxa (Porites spp., Acropora spp., Pocillopora spp.) as well as other corals categorized to major morphological groups. CC, calcareous crusts; near, nearshore; mid, midshore; off, offshore; shelt, sheltered; exp, exposed ig. 4 Seasonal temperature profiles in the central Red Sea across study sites. Data are plotted for all study sites using a weekly moving average (red nearshore; green midshore; blue offshore; continuous line exposed; dashed line sheltered). All plots depict the annual mean temperature (black line) and the annual standard deviation (±SD: black dashed lines) 58 % higher in Pocillopora compared to the other seasons. There were only few cases when spring calcification was similar to, but still higher than, the other seasons (increase was \5 %, ESM Table S5 ). Of the three coral genera, only Pocillopora showed a significant difference in calcification rates between exposed and sheltered sites with rates higher at exposed sites (pairwise test results for midshore: p (perm) = 0.001; offshore: p (perm) [ 0.05). Rates at most reefs were 8-55 % higher at the exposed sites than at sheltered sites, but the differences were largest at the exposed site of the midshore reef during winter and fall, with rates increased by up to 170 and 270 %, respectively. In addition, among all coral genera only calcification for Pocillopora had a significant linear relationship to percent cover of benthos (R 2 = 0.40, p = 0.009; Table 2 , ESM  Fig. S1a ).
Seasonal calcification of calcareous crusts (CC)
Calcification patterns of CC (Fig. 5 , ESM Table S3 ) differed from those of corals. Significant differences in CC calcification rates were found for the factors season, reef, and exposure (all: p (perm) = 0.001; Table 1, ESM Table S6 ). Calcification rates of CC significantly increased with distance to shore and further increased at exposed sites compared to sheltered reef sites in the midshore and offshore reefs (both: pairwise test p (perm) = 0.001). The highest seasonal mean calcification rate was measured at the exposed offshore site during winter (0.137 ± 0.025 mg cm
), while the lowest was at the sheltered nearshore site during summer (0.014 ± 0.002 mg cm
). Regarding the cross-shelf gradient, calcification at the offshore exposed site was 8.8-fold higher than at the nearshore sheltered site. Calcification rates were 50-123 % higher at the exposed reef sites (midshore and offshore reefs), but there was no significant difference between the exposed and sheltered site at the nearshore reef. Seasonality in CC was characterized by lower seasonal mean calcification rates during spring and summer at all sites (ESM Table S7 ). Spring and summer mean calcification rates were reduced by 13-66 % compared to the highest seasonal means in fall/winter for each respective site.
CC calcification rates and benthic cover were significantly linearly correlated (R 2 = 0.82 p \ 0.001; Table 2 
Global comparison of calcification rates
Annual average calcification rates for Porites and Pocillopora from the central Red Sea were within the range of calcification rates from other regions (Table 3) , while Acropora calcification rates were lower. In detail, Porites in the central Red Sea (1.46 ± 0.52 mg cm -2 d -1 ± SD) was intermediate in the range of values between 0.24 and 2.16 mg cm -2 d -1 from other regions (see below). Pocillopora calcified at an annual average rate of 0.92 ± 0.21 mg cm -2 d -1 in the central Red Sea and was at the higher end of the commonly measured range of 0.09-1.18 mg cm -2 d -1 reported from other studies. Acropora from the central Red Sea calcified at an average rate of 0.72 ± 0.17 mg cm -2 d -1 and was at the low end of the range reported by Goreau and Goreau (1959) for the Caribbean (0.84-3.06 mg cm
) and below the calcification reported from French Polynesia and Western Australia (around 1.0 mg cm -2 d -1
; Comeau et al. 2013; Foster et al. 2014) . Calcification rates for Acropora and Pocillopora from aquaculture were far lower than field-based measurements (0.04-0.07 and 0.07-0.15 mg cm ) measured in French Polynesia.
Discussion
Coral reef ecosystems critically rely on the reef carbonate framework produced by calcifying biota. In this study, we assessed spatial and seasonal reef calcification in corals and calcareous algae in the central Red Sea. We found that calcification in reef-building corals from the genus Porites and Acropora varied seasonally, while calcification in Pocillopora was influenced by season and site exposure. Importantly, calcification in secondary reef builders (CC) differed along the cross-shelf gradient and also with site exposure and season.
Spatial calcification and coral reef benthic composition
It has been rarely tested whether or how calcification rates play a role in structuring the benthic composition (Pratchett et al. 2015) . In our study, we collected data on calcification rates and benthic reef abundance for selected coral genera to further understand how calcification performance relates to coral abundance in nearshore, midshore, and offshore reef sites. Among the corals in our study, only pocilloporid calcification rates were different among reef sites and were significantly related (R 2 = 0.40, p \ 0.01) to their benthic abundances. Pocillopora is characterized as a 'weedy' and competitive taxon, often dominant in benthic assemblages (Darling et al. 2012 ). In our study, pocilloporids were less dominant and their calcification rates were also lower at sheltered than at exposed sites. This observation suggests that pocilloporid calcification rates may be a contributing factor to explain the taxon's dominance in exposed reef sites. In contrast, calcification rates of Porites and Acropora did not differ among sites but did correlate with their benthic abundance. In particular for Acropora, it is most evident that calcification rates, which were similar from nearshore to offshore reefs, cannot explain the increasing abundances from nearshore toward offshore reefs. Based on these data, we argue that benthic abundance of the corals studied here is less determined by their calcification performance than by other aspects such as limited coral settlement in nearshore locations. Lower settlement and recruitment rates may be a consequence of increased sedimentation or other coastal disturbances (Gilmour 1999) , which are typical for nearshore reef sites (Cooper et al. 2007) .
CC, aside from their role as secondary reef builders contributing to reef carbonate production and fortification of the reef framework (Mallela 2007; Perry and Hepburn 2008) , fulfill another crucial ecological role by providing settlement cues and substrate for the larvae of reef-building corals (Heyward and Negri 1999) . Our data support this argument by showing a significant positive relationship of CC calcification rates and percent cover with the abundances of the three important reef builders Porites, Acropora, and Pocillopora. Since studies focusing on CC are scarce (Mallela 2013) , our conclusions emphasize the importance of incorporating the assessment of CC calcification and community dynamics in future coral reef studies and monitoring efforts.
Seasonal calcification and temperature dependency
Among various physicochemical factors that can influence calcification in corals and CC (e.g., aragonite saturation state, nutrient, and light availability ; Chalker 1981; Gattuso et al. 1998; Chisholm 2000; Ferrier-Pagès et al. 2000) , temperature has been demonstrated to be a dominant driver (Borowitzka and Larkum 1987; Martin and Gattuso 2009; Cooper et al. 2012; Castillo et al. 2014) . In this study, calcification in corals and CC from the central Red Sea was significantly driven by season. Further, temperature differences on the seasonal scale were larger than differences among sites across the shelf (i.e., nearshore, midshore, and offshore). Consequently, we consider seasonal temperature differences an essential component of the seasonal variation in calcification rates. In the Gulf of Aqaba (northern Red Sea region), temperatures and community net calcification were found to be positively correlated at a temperature range of 23-27°C, but not for temperatures above 27°C (Silverman et al. 2007 ). Our long-term measurements of seasonal calcification rates do not allow deduction of exact temperature optima for these calcifiers. But importantly, our data indicate that the optimal conditions for calcification may be similar in the three coral genera (Porites, Acropora, and Pocillopora) and lie within the temperature range of spring (min-max 26.2-30.8°C). Further, for CC we can show that both spring and summer (min-max 26.2-33.3°C) are associated with reduced seasonal calcification rates, which implies that temperatures in this range may be detrimental to CC calcification. Calcification maxima are observed when local seawater temperatures meet the temperature optimum of the local calcifiers. Typically calcification maxima have been reported for the warmest season of the year (summer), for example for Siderastrea siderea from the northern Caribbean (Kuffner et al. 2013) , Acropora formosa from Western Australia (Crossland 1984) , CC from Japan (Hibino and van Woesik 2000) , and net community calcification in Hawaii (Atkinson and Grigg 1984) . Importantly, in the northern Red Sea, calcification maxima were reported for summer (Silverman et al. 2007; Sawall et al. 2015) , whereas in the southern region highest calcification rates were measured in P. verrucosa during winter, the coldest season of the year (Sawall et al. 2015) , indicating that calcification peaks are determined by optimal prevailing temperature profiles. Here, we demonstrate that in the central Red Sea calcification maxima of three coral genera (Porites, Acropora, and Pocillopora) were not observed during the warmest season of the year (summer), but during spring. This is in accordance with the recently reported north to south calcification patterns observed for P. verrucosa in the Red Sea where Sawall et al. (2015) found that calcification maxima occurred during summer in the north and during winter in the south. Our results can be interpreted as an indication that summer temperatures in the central Red Sea exceed the optimum local calcification temperature of three coral species and CC. A similar observation was recently reported from Western Australia (Foster et al. 2014) , where the absence of a summer peak in calcification has been interpreted as a consequence of anomalously high summer temperatures in that region.
Calcification in corals versus calcareous crusts (CC)
Our measurement of calcification rates revealed different trends for corals and CC. We show that coral calcification rates vary mainly with season. By contrast, CC calcification rates are strongly influenced by cross-shelf position, site exposure, and seasonality. This may be attributable to physiological differences between corals (Tambutté et al. 2011) and CC (Borowitzka and Larkum 1987) and also shows that environmental parameters other than temperature are important. Putatively, increased turbidity and decreased irradiance in nearshore reef locations (Cooper et al. 2007 ) might explain the highly reduced nearshore calcification rates of CC, which rely solely on photosynthesis (Chisholm 2000; Edinger et al. 2000; Fabricius and De'ath 2001) . Coral calcification, by comparison, seemed to be less affected by the higher turbidity and lower irradiance in nearshore sites. Taken together, our results show that CC calcification is much more variable over distance to shore and seasons in comparison to coral calcification. This suggests that CC calcification is more sensitive to spatio-temporal differences in environmental conditions and may thus be more susceptible to environmental change. Considering the importance of CC in shaping the reef structure, their sensitivity to changing environmental conditions may have substantial consequences for coral reef benthic communities.
Global comparison of calcification rates from the central Red Sea
Although calcification studies are numerous and cover many locations globally, our effort toward a global comparison of calcification rates indicated that it remains difficult to make accurate comparisons, due to inconsistencies in methodologies or the normalization of measurements (see ESM Appendix 1). Our comparative evaluation based on annual average calcification rates from studies using a similar approach to ours demonstrates that the range of calcification in two major coral genera (Porites and Pocillopora) and CC were very similar between the Red Sea and the Caribbean or Indo-Pacific (Table 3) . For the coral Acropora, we show that calcification rates in our study were at the lower end of the global range, although Red Sea conditions, i.e., high light penetration and high carbonate saturation state, are anticipated to be beneficial for calcification. We conclude that Red Sea coral reef calcifiers are neither more nor less productive in terms of carbonate accretion, despite these favorable conditions. Indications that summer temperatures exceed the optima of reef calcifiers in this region (this study; Sawall et al. 2015) in conjunction with increasing temperatures as a result of environmental change (Raitsos et al. 2011 ) pose detrimental effects to calcifiers, which may be counterbalancing the presumably beneficial effects of the Red Sea environment for calcification. The future persistence of coral reefs depends, besides other factors, on the rate of calcification in reef-building biota. Therefore, monitoring and evaluation of calcification rates in the Red Sea are crucial for the assessment of ecosystem stability. We hope that our study provides a baseline of calcification rates in primary and secondary reef builders for this region and serves as a foundation for comparative efforts to quantify impact of future environmental change.
